Early researches 1929-1934
In his postgraduate research period at Melbourne 1929 Melbourne -1931 Pawsey worked on atmospherics and on the accurate frequency measurement of broadcasting stations. His first published paper (1) * was on this latter topic. In the three years from 1931 to 1934 while he was a candidate for the Ph.D. degree at the Cavendish Laboratory, Pawsey worked with J. A. Ratcliffe on radio wave propagation. This work was concerned with the intensity varia tions of downcoming radio waves. He used a circularly polarized suppressed ground wave receiver on a wavelength of 360m and showed that the righthanded circularly polarized component of the downcoming wave was not sufficiently intense to cause fading by interfering with the other component. He devised a method of estimating the lateral deviation of the wave and found that the greatest deviations, exceeding 20°, were suffered by waves reflected from the abnormal E region. His main conclusion was that a major cause of the fading was the irregularities in the ionosphere moving under the influence of the horizontal winds at is-region heights. The results of this work formed the subject of his dissertation for the degree of Ph.D., and were published in two papers (2) (3). The conclusion regarding the horizontal movement of the irregularities opened an important topic in ionospheric physics and foreshadowed much of the later work in Cambridge and else where on this problem.
Researches at E . M . I1 934-1939
Pawsey's work at E.M .I. was dominated by the preparation for the television tests at Alexandra Palace using the E.M .I. system. He was a member of the group led by E. C. Cork in I. Shoenberg's (later Sir Isaac) research department. Cork's group was dealing with a number of electronic problems associated with the early television development at that time, but Pawsey was concerned with the aerial and feeder design. At the commencement of this work Pawsey spent much time on field measurements of the polar diagrams of dipoles, reflectors and characteristic impedance of feeders.
The number of fines to be used in the tests had not then been settled, and it seems that the late A. D. Blumlein was the first to draw attention to the effects of mismatched feeders on the transmitted picture. Two difficulties were recognized at that early stage. First, it was necessary that the impedance of the system should be matched at all frequencies within the television side bands, so that no part of the signal should be attenuated. Second, since in the proposed installation at Alexandra Palace, and in any foreseeable practical system, a long feeder would be needed between the transmitter and the aerial, the time of transmission would be significant compared with the shortest interval resolvable on the television picture. Any mismatch would cause reflexion along the feeder between the transmitter and aerial and eventual radiation with a time delay which would cause a double picture.
Apparently the impedance measurements made on the first aerial-feeder system erected on the roof of the research block at Hayes were most alarming, and it was with the measurements and modifications to this system, which eventually gave rise to the Alexandra Palace aerial that Pawsey was primarily concerned. The vision channel was to be on 45 Mc/s, with 405 lines, 25 pictures/s and interlaced scanning at 50 frames/s giving a side band require ment of 2-5 Mc/s. The feeder length was 450ft. so that the travel time of 0 • 5ms corresponded to a frequency in the side-band range. Pawsey designed apparatus to measure impedances at 45 Mc/s to a few per cent. At an early stage of this work it was necessary to solve the difficult problem of making a terminating resistance which would be constant and nonreactive over the frequency range 43 to 47 Mc/s. The solution of these various problems eventually led to the double ring of full-wave dipoles with the mast in the centre, erected at Alexandra Palace in the summer of 1936.
A most detailed and clear account of this work is given in the paper read before the Wireless Section of the I.E.E., by Pawsey and Cork on 7 December 1938 (4). With the major problems of the Alexandra Palace aerial solved Pawsey worked on other aspects of receiving and transmitting aerials with Cork before leaving for Australia in 1939.
The I.E.E. paper is the sole published account of Pawsey's work during the E.M .I. period. In addition he was the author, or co-author, of 12 E.M .I. reports on aerial and feeder designs, and his name is associated with 29 patents on these subjects. Under other conditions the work described in these documents would form the subject of several published papers, but various factors of E.M .I. policy, and the competition with the Baird system led to the restriction on publication. The first radar equipment to be developed in Australia was a I f metre shore defence and gunlaying system (the Sh.D). In this work Pawsey played a prominent role and his experience at E.M .I. on aerials and feeders and electrical measurements at metre wavelengths proved invaluable. These techniques, at the time, were relatively novel and the literature sparse. To the younger graduates who formed a large proportion of the staff, his knowledge and ingenuity in this field were a constant source of inspiration. Some of his original technical contributions to the Sh.D. system during this early period were:
16 and 36 element aerial arrays with split beam direction finding using a new rotating capacity switch (6), the first coaxial switching system to be devised for common-aerial operation, using diode switches and special impedance transformers (later gas-discharge tubes were employed) (7); a novel coaxial impedance measuring equipment which was used by the Laboratory for all development and field work for many years (8) . Although his main interests were concerned with radio-frequency phenomena, he was also active in other phases of the work (receiver and circuit development) (9) and in other metre-wave projects (search-light control, anti-aircraft gunlaying and air-to-surface-vessel radars) (10) . During this period, while the Laboratory was relatively small, Pawsey's activities touched almost every aspect of the development programme.
The first experimental Sh.D. equipment was installed in May 1940 on a cliff-top Army site at Dover Heights, which in later years was to become the Laboratory's first Radio Astronomy field station. Pawsey initiated or took part in numerous experiments with this equipment to elucidate and improve the performance of the system and its components (11). In the course of this work, he investigated the relationship between the echo cross section of a complex target, such as a ship, and its principal dimensions (12) . He also suggested the possible use of medium-wavelength, vertically polarized radio waves for the detection of ships beyond the horizon (13) .
The Sh.D. was a very satisfactory equipment and some 37 stations were finally installed around the Australian coast. When Japan entered the war, the Sh.D. experience and many ofits techniques and components were rapidly applied by the Laboratory to the design of an air-warning system. Because of its lightness, reliability and versatility, the equipment was probably the most successful air-warning radar in the Pacific area (5) .
Before these events occurred, however, Pawsey had been made responsible for the formation of a Microwave Development Group to exploit the invention of the cavity magnetron. To study these new techniques he visited the M .I.T. Radiation Laboratory from July to October 1941. On his return his group began work on a 10cm equipment for the Navy which was very successfully demonstrated in July 1942. A number of microwave projects followed (14), culminating in the development in 1943/1944 of all the radio-frequency components for a 25cm air-warning system with height-finding facilities (15). During this period he investigated radar coverage problems and formulated a number of basic considerations concerning these (16).
In 1943 another group led by Pawsey was formed (together with a mathe matical group under Dr J. C. Jaeger) to study super-refraction phenomena which occurred frequently on the North-West Australian Coast. R.A.A.F. and Army stations around Australia and New Guinea by regular observations supplied a great amount of data to the Laboratory for interpretation and study. During this period, Pawsey investigated diffuse cloud-like echoes at 1 Ocm from cloud-free regions of the atmosphere and suggested they were due to sea-wave echoes focused by super-refraction (17) .
In spite of the pressure of wartime technical development work and increasing administrative responsibilities, Pawsey was able to investigate a number of phenomena which aroused his scientific curiosity. These included observations of 1-|-metre atmospherics from lightning flashes in July 1944 (19). These latter were apparently the first recorded observations of such echoes (20) . Pawsey developed an early interest in the inherent noise level of microwave receivers (21) and in April 1944 carried out measurements with R. Payne-Scott of the very low noise levels from horns and small paraboloid aerials pointed at the sky (22) . Efforts to detect the Milky Way in the region of a. and /3 Centauri were not successful. No attempt was made at the time to observe radiation from the sun but the work undoubtedly stimula ted the solar measurements made immediately after the war.
Pawsey's influence on the wartime research activities of the Laboratory cannot adequately be indicated by a statement of the major responsibilities undertaken or the reports written. Isolated from overseas centres of research, the Radiophysics Laboratory was faced with special problems particularly in the early years. All who were associated with Pawsey at the time were deeply conscious of his remarkable insight into physical problems and the informal help which he gave so generously towards their solution. It is true to say that there were few research activities in the Laboratory which did not receive and benefit from his criticism and advice.
Radio astronomy research in the Radiophysics Division C.S.I.R.O. 1945-1962
At the end of the war the science of radio astronomy had not yet been christened. Few people knew of the pre-war research of Karl Jansky and Grote Reber which had established the existence of extra-solar radio emissions, and the account of the discovery of the intense radio outbursts from the sun existed only in a secret Army document by J. S. Hey. The presence of detectable radio emissions in the thermal spectrum of the sun was known from the work of Southworth in 1942 but there had been no significant develop ments of these initial discoveries.
Under such circumstances it may well be asked why Pawsey decided to begin research on these problems. He has himself given the answer (23). 'The Australian development can be traced to the concentration on radar development during World War II. This brought together in a well-equipped laboratory a group of able young physicists with experience of radio techniques. At the conclusion of the war these men found themselves without definite commitments and anxious to establish themselves in scientific research. In some countries this situation led to an exodus of the most able people from the government radar laboratories. In Australia the high scientific reputation of C.S.I.R.O. which had been built up under men like its original leader Sir David Rivett, prevented this trend. The men were actively encouraged by the executive to develop their science within the organization. It was in this environment that the first tentative observations in radio astronomy were undertaken. These observations were immediately successful and the labora tory was encouraged to venture further into the field. These first class men obtained access to first class facilities and the subsequent developments in radio astronomy in Australia have followed from this beginning. 5 Pawsey was the instigator and leader of this work. Encouraged by Dr E. G. Bowen, who was a member of Watson-Watt's original radar team and had become the Chief of the Radiophysics Laboratory in 1945, he first used parts of radar equipment to explore the solar radio emissions, and the scope of the work soon included the observations of the moon by radar and by its thermal emission, and investigations of the terrestrial ionosphere relevant to the radio astronomical observations.
Although Pawsey inspired so much of this work his own personal research efforts were, for some years, concentrated on the problems of the solar radio emissions. Assisted by L. L. McCready and R. Payne-Scott he began work on 3 October 1945 from a 400ft. hill overlooking the sea near Sydney. The aerial was an array of 40 halfwave dipoles on a wavelength of 1 which could be rotated about a vertical axis. There was no elevation motion so that the sun could be observed only near sunrise and sunset. Radiation was observed coming from the sun which seemed to correlate with sunspot activity. Observations were also attempted on wavelengths of 50cm and 25cm. No signals were found on the former, but on 25cm a small effect was observed corresponding to a solar black body temperature of 6000 °K. The preliminary results of this work bearing the 23 October Sydney dateline were published in Nature (24) on 9 February 1946. It is a remarkable index of the growth of the subject in the subsequent years that this letter has only four references: One to Jansky's discovery o f 'Cosmic static5; one to the solar observations of Reber; the others to the wartime papers of the British Army Operational Research Group, and to observations by radar personnel of the Royal New Zealand Air Force.
These first observations were soon to receive adequate confirmation, but Pawsey was wide of the mark in his concluding speculation. In view of the strength of the emissions from the sun he questions the idea that the 'cosmic static5 originated in interstellar space, and suggests that it might have its origin in those stars exhibiting radio emission phenomena like the sun. Many years were to elapse before similar phenomena were discovered in the individual stars, but it was soon recognized that the dilution factor was so great that the stellar radio emission could only contribute a very small percentage to the 'cosmic static5.
In July 1946 only 10 months after the beginning of the solar observations, Pawsey sent to the Royal Society an outstanding paper on his work, in which the relation of the intense radio emissions to sunspots was established beyond doubt (25). In this paper Pawsey describes the interference fringes obtained between the direct rays from the aerial on the cliff and those reflected from the sea-analogous to Lloyd's mirror interference fringes in optics. With this system he was able to measure with some precision both the position and size of the sources of radio emission on the disk of the sun and hence the relation with sunspots was placed beyond the essentially statistical association. The intensity of the radio emission was such that Pawsey concluded, quite correctly, that the emission could not possibly arise from thermal processes in the sunspots, and he suggested that the effect was due to some gross electrical disturbance in the solar atmosphere.
At this period D. F. M artyn in Australia-stimulated by Pawsey's workand V. L. Ginsburg in the U.S.S.R. had independently calculated that radio emission corresponding to the kinetic electron temperatures of a million degrees should be expected from the solar corona at wavelengths of a few metres. In a short communication to Nature (26) in the autumn of 1946 Pawsey showed that his observations on a wavelength of 1 • 5m indicated the existence of such a steady million degree thermal component. In 1949 he published with Yabsley (27) a comprehensive account of these and observa tions made elsewhere which gave clear evidence for a relatively constant component in the wavelength range from 1cm to 4m with the apparent black body temperature increasing linearly from 104 °K at l*5cm to 106 °K at l*5m. This work was a direct confirmation of the existence of kinetic temperatures of the order of a million degrees in the solar corona.
Two survey papers by Pawsey published in 1949 are noteworthy. The first, which Pawsey read before the Radio Section of the I.E.E. in London (28) on 7 December 1949 (exactly 11 years after he had read before the same body his paper on the Alexandra Palace television aerial), was on 'Solar radio frequency radiation'. It is typical of the extraordinary clarity and orderliness which Pawsey exhibited in his writings. In it he described the existing state of knowledge of the solar emissions and gives what is probably the first published indication that the time of the onset of bursts of radio emission depended on the radio frequency. In this paper Pawsey included 66 references, a striking index of the growth of the subject when compared with the four references of his first communication three years previously.
The second (29) on the use of radio waves in astronomical observations is devoted largely to the work at C.S.I.R.O. and shows that already after only four years Pawsey's team had carried out important research in a wide field of radio astronomy. Particularly significant were the observations of J . G. Bolton and G. J . Stanley on the galactic radio emissions and their identifica tion of the Crab nebula as a radio source, the observations b y j. H. Piddington and H. G. Minnett of the 1cm thermal radiation from the moon and the success in observing radar echoes from the moon by F. J. Kerr, C. A. Shain and C. S. Higgins.
By 1950 Pawsey had formed around him a young and brilliant group of physicists and engineers, and the story of the remaining 12 years of his life is revealed in the great output of important researches by his team. Although only a small proportion carry his name as author, it was he who guided the young men towards the key problems and helped and encouraged them in the development of new instruments. This group contained B. Y. Mills-who developed the famous cross aerial that has had such a fundamental impact on the study of the remote radio sources-and W. N. Christiansen who designed the multi-element radio heliograph which by the time of the I.G.Y. in 1957 was producing radio pictures of the solar disk (30). The timeliness of his outlook was exemplified in 1951 by his cable to Nature (31) announcing that W. N. Christiansen and J. V. Hindman had succeeded in observing the 21cm neutral hydrogen line emissions only a few weeks after the initial success at Harvard and Leiden.
Although by this time Pawsey was devoting most of his energy to the encouragement and stimulation of this group a number of original contribu tions continued to carry his name as author. One of the most remarkable was the paper (32) describing the combined radio and optical studies made in four countries of an active solar region which led to the derivation of electron densities in the corona between 10000 and 300000 km above the photosphere.
Other items in which he joined members of his team actively in publication were the investigation of the streaming of interstellar hydrogen in the vicinity of the sun (33) and in the attempt to detect linear polarization in the galactic background (34) . The former communication describes the investigation by Pawsey and his colleagues which succeeded in establishing that hydrogen gas is moving in towards the plane of the galaxy in the solar neighbourhood with speeds of 6 km/s. The second communication describes the attempt to detect the polarization in the galactic radiation which was predicted on the synchrotron theory. The observations succeeded only in setting an upper limit of 1 per cent on the frequency of 215 Mc/s used in the investigation. Indeed, although polarization in the background radiation was subsequently found by the teams in Leiden and Cambridge at a frequency of over 400 Mc/s no one has yet succeeded in measuring the polarization effect at lower frequencies.
Pawsey developed wide international research contacts and the period when he was President of Commission 40 (Radio Astronomy) of I.A.U. was a dynamic period in the growth of the new science. As a member of the I.A.U. Pawsey played a key role in the definition of the I.A.U. system of galactic co-ordinates. At the Dublin General Assembly of the I.A.U. in 1955 a SubCommission 33b was appointed 'to investigate the desirability of a revision of the galactic pole and of the zero of galactic longitude'. The three other members of the commission were A. Blaauw, C. S. Gum and G. Westerhout. Their recommendations were discussed and accepted at the 1958 General Assembly in Moscow (35) . The final report contained five papers, in two of which Pawsey was concerned as an author (36) (37). Indeed the radio data on which the new system was based originated either from Leiden or from Pawsey's group.
The reports on the progress of radio astronomy which Pawsey wrote for the IX th (Dublin 1955) and Xth (Moscow 1958) General Assemblies (38) (39) are fine examples of their kind. Moreover, the list of reliably known discrete radio sources included as an appendix to the 1955 report was compiled at his instigation, and was subsequently published separately with a description ol the catalogue by Pawsey (40). Although long since superseded this was a most useful document at a confusing period of the subject. Pawsey also compiled the World list of radio observatories ( 1 9 5 7 -1 9 5 8) as the result during the Dublin assembly (41).
It is remarkable that during this period of exceedingly rapid development of his own group Pawsey found the energy and inclination to initiate research outside the main stream of the radio astronomical developments. In 1950 he initiated, with L. L. McCready and F. F. Gardner, measurements at Rankins Springs-a site free from man-made interference-on a frequency of 2 Mc/s, from which he identified and measured the thermal radiation from the ionosphere (42). It was very weak, corresponding to an effective temperature of 300 °K. This prompted a further investigation in order to find out to what height this measurement referred. This required a knowledge of the electron distribution with height which Pawsey investigated with a pulsed transmitter on a frequency of 2 #3 Mc/s (43). He found that at the site near Sydney he could regularly obtain echoes from heights of 60 to 80 km from which he derived electron densities and collision frequencies.
Pawsey travelled widely and was an invaluable member of any international gathering involving radio astronomy or related subjects. In his contacts and lectures on these occasions Pawsey was scrupulously fair in presenting the results and opinions of his own team. Nowhere was this more in evidence than in the vigorous dispute which arose between the Sydney and Cambridge teams on the cosmological interpretation of the counts of the radio sources. The paper which he gave at the Urbana (Illinois) meeting of the American Astronomical Society in August 1957 is a clear expression of the dispute as it then existed (44). Indeed the literature of radio astronomy has been enriched and enlightened by the papers which Pawsey contributed on such occasions. in 1961 (54) . Both of these were quite outstanding contributions to the literature, and although much progress has been made in solar radio astronomy since 1953, both articles are essential reading for any student of the subject. However, Pawsey's major contribution to the general literature was the book Radio astronomy which he published with R. N. Bracewell in 1955 (55). The clarity of the text and the fundamental approach on which it is based will ensure that it remains for a long time a standard text on the subject.
In the spring of 1961 Pawsey contributed an article to the Australian Scientist on 'Australian radio astronomy' (56). It was a description of the development of the subject in Australia and it now has unexpected historical value because Pawsey selected five items which had developed under his direction and which he considered to be the most noteworthy. They were (i) the work on the structure of the solar atmosphere by W. N. Christiansen, (ii) J. P. Wild's investigation of solar activity and his delineation of the characteristics of the various types of bursts of radio emission, (iii) the work of J. G. Bolton, followed by that of B. Y. Mills on the discrete radio sources, (iv) the hydrogen line investigations of F. J. Kerr on the distribution of neutral hydrogen in the Milky Way and in the Magellanic Clouds, (v) the low frequency (10 to 20 Mc/s) measurements of the galactic radio emission by C. A. Shain. This work was associated with the development of at least four unique instruments-the Mills cross, which gave high definition for the study of the discrete cosmic radio sources, the radio heliograph or Christiansen cross which produced radio pictures of the solar disk with a resolution of 3 minutes of arc, the swept frequency receiver and interferometer which led to the study of the spectra and location of the solar radio bursts, and the multi channel receivers developed for the hydrogen line investigations.
Few would disagree with Pawsey's assessment of these developments from which emerged results of such brilliance that the standing of Australian science in the world scene was so greatly enhanced.
Pawsey as an individual
When dealing with Pawsey one felt that one was concerned with a straight forward man of absolute honesty and integrity. His singleness of purpose was evident and against a background of happy and contented family life, his major interest was in radio astronomy. Indeed, although he was interested in sailing, he appears to have had almost no other extensive interest or hobby.
As an undergraduate he engaged in rifle shooting, and at Melbourne he gained a half Blue in 1927-1928 and a full Blue in 1929. He was awarded a Victoria Rifle Association medal in 1930, was Vice-Captain of the Melbourne team which visited Adelaide in 1930 and was subsequently Captain. In England he enjoyed cycling and made many trips around the country and, after his marriage, to the continent.
Apart from extensive publications concerning his immediate research problems Pawsey wrote little. Indeed, the only significant unrelated publica tion appears to be an article on the atomic bomb which he published a few months after the first explosions in 1945 (57). This restriction of interest led to an enormous concentration on his main occupation and enabled him to produce major results although so greatly involved in international travel and commitments. Professor Bart J. Bok said of him that there were 'very few scientists in the world who will be able to look back on a life in which they have helped to produce so many distinguished scientists. The young men of Australia who are now the great names in radio astronomy, and who have helped place Australia at the top of the list in the field on a world-wide basis, all express great personal debts for the way in which Joe helped to get them started, and how he saw to it that their work came to fruition.' Bok went on to remark on a feature that was known to all who met Pawsey, namely that he was a profound critic among radio astronomers, and that 'he possessed great scientific vision and perseverance in seeing to it that his ideas could be put to the test, and he had more than anyone else a remarkable power to simplify complex problems and present them in a new light'.
Pawsey worked to the very end, and within weeks of his death completed the editing of the special radio astronomy issue of the I.R.E. (Australia) (58) which, with contributions from all over the world, is a fitting tribute to the great advances which he did so much to initiate and stimulate.
As an epilogue nothing could be more appropriate than the letter sent to Pawsey on 25 October 1962 signed by the 31 members of his group then in Sydney. It reveals the essence of the individual at work from those who were in a good position to judge. 'Dear Dr Pawsey, 'Most of us in your radio astronomy group have not seen as much of you in recent months as we would have liked. When we do meet there is usually so much work to discuss that other things that ought to be said get left unsaid. We know no words to express our sorrow that you should have been stricken so suddenly in the prime of your creative life, and this letter is to let you know the extent to which we appreciate the privilege of working in your team.
'We appreciate not only your own contributions in radio astronomy, but your rare ability to dovetail the work of many individuals into a coherent and well-directed effort. We realize that by keeping your door open to us at all times, by listening patiently to new ideas in even their earliest and vaguest forms, by discussing the most minute details of papers, and by giving so freely of your physical knowledge, experience and intuition, you have been sacrificing most of your own research time to the success of the group as a whole. We would like to thank you for this.
'We believe that although you can no longer play the same active role in leading the group, the Sydney radio astronomy effort (whether in R.P. or elsewhere) will continue to blossom, not merely because of the momentum you have given it over the last fifteen years, but because you have been responsible for giving a set of ordinary individuals the interest and drive to continue your work and the confidence to do well in the open field of inter national competition. Australian radio astronomy, like most unusual phenomena, can be traced in the main to a single cause, and we are well aware what that single cause is.
